Actagardine (originally isolated under the name gardimycin) 6 is a 19-amino acid globular lantibiotic produced by Actinoplanes garbadinensis ATCC 31049 (Fig. 1) . 7, 8 Ala(0)-actagardine is a natural variant with an additional N-terminal alanine that is produced by Actinoplanes liguriae ATCC 31048. 9 Actagardine possesses potent antimicrobial activity against gram-positive pathogens including Clostridium difficile and is stable in simulated gastric fluid. 10 Actagardine inhibits cell wall biosynthesis by binding to lipid II, 11 and its binding is not antagonized by vancomycin. 12 Deoxyactagardine B (DAB) is a structural analogue of actagardine, differing by two residues (V15L and I16V compared with actagardine) and the absence of the sulfoxide group. 13 Compound NVB302, a semisynthetic derivative of DAB with a diaminoheptane tail attached to the C-terminus of DAB, has completed Phase I clinical trials for treatment of C. difficile-associated diarrhea.
The biosynthetic gene cluster of actagardine in A. garbadinensis ATCC 31049 was reported in 2009. In the cluster, garA encodes the precursor peptide, and garM encodes a bifunctional lanthionine synthetase that performs both the dehydration and cyclization of the core peptide (Fig. 1) . The gene for a monooxygenase GarO is located downstream of garA and garM, and is expected to catalyze the formation of the sulfoxide group in actagardine on the basis of gene disruption studies. 14 Actagardine and its derivatives have been produced by fermentation of Actinoplanes sp. or by heterologous expression in Streptomyces lividans. 13, 14 Based on the recent success in producing lanthionine-containing peptides in E. coli by co-expression of the substrate and corresponding modification enzymes, [15] [16] [17] [18] we set out to produce Ala(0)actagardine in E. coli. The genes encoding GarA, GarM and GarO were cloned from genomic DNA of A. garbadinensis ATCC 31049. Subsequently, garA and garM were inserted into the pRSFDuet-1 vector as a biscistronic construct (garA/garM/pRSFDuet-1) encoding N-terminally His 6 -tagged GarA and wild type GarM. Two copies of the garO gene were inserted into the pCDFDuet-1 vector encoding proteins lacking an N-terminal hexahistidine tag.
Co-expression of GarM and His 6 -tagged GarA using the garA/garM/pRSFDuet-1 vector successfully generated four-fold dehydrated GarA. The peptide was purified by immobilized metal affinity chromatography (IMAC; Ni
2+
) and reversedphase high-performance liquid chromatography (RP-HPLC). After lyophilization, 4.2 mg modified GarA was obtained from a 1 L culture. Proteolytic removal of the majority of the leader peptides with trypsin (cleavage after Arg-5 of the leader peptide) followed by treatment with aminopeptidase A8200 to remove residues -4 to -2 generated a product consistent with Ala(0)-deoxyactagardine ( Fig. 2A ). After incubation with 2-iodoacetamide (IAA), no IAA adducts were detected by matrix-assisted laser desorption ionization (MALDI) mass spectrometry (MS) (Fig. S1 , ESIw), suggesting that free cysteines were not present in the core peptide.
Ala(0)-deoxyactagardine (Ala(0)-DA) thus produced displayed low solubility. NVB302, which is under clinical development, contains a C-terminal 1,7-diaminoheptane tail, which increases solubility and bioactivity compared with deoxyactagardine. 19 In order to produce a structure similar to NVB302, we substituted Val15 and Ile16 in GarA with Leu and Val, respectively, and introduced a lysine residue at its C-terminus, forming GarA-V15L/I16V/19insK (Fig. 1) to similarly increase the solubility of Ala(0)-DA produced in E. coli. The dehydration and cyclization of this mutant GarA by GarM were not affected by these mutations or by the addition of the C-terminal lysine as confirmed by MALDI MS after proteolytic cleavage (Fig. 2B) . The compound produced was termed Ala(0)-DABLys (Fig. 1) .
To confirm that the product had the correct ring topology, it was analyzed by tandem MS indicating a globular structure as no fragments were generated from the C-terminal fourteen amino acid region (Fig. S2, ESIw) . Furthermore, Ala(0)-DABLys displayed antimicrobial activity against Bacillus subtilis W23, Microccoccus luteus 4698 ( Fig. 3 and Fig. S3 , ESIw), and Enterococcus faecalis 29212. The MIC of Ala(0)-DAB-Lys against E. faecalis was 7.3 mM compared to 4.2 mM reported for deoxyactagardine.
14 Thus, the addition of the C-terminal lysine largely maintained the antimicrobial activity of Ala(0)-deoxyactagardine, while significantly increasing solubility.
Deoxyactagardine is less active than actagardine against some bacterial strains with a two-fold increased MIC for inhibition of the growth of M. luteus 4698.
14 In an attempt to produce sulfoxide-containing analogs, co-expression of the monooxygenase GarO was pursued. Two systems were evaluated in which either the garA/garM/pRSFDuet-1 plasmid was used in combination with a pCDFDuet-1 vector containing two copies of garO or the garO gene was inserted into the garA/garM/ pRSFDuet-1 plasmid (see ESIw). His 6 -tagged GarA was purified by IMAC followed by C8 solid phase extraction (SPE). The purified product was incubated with trypsin and aminopeptidase to remove the leader peptide and the product was analyzed by MALDI-MS. For both approaches, the mass of the resulting fourfold dehydrated core peptide was increased by 16 Da (Fig. 4A and Fig. S4, ESIw) , consistent with the formation of one sulfoxide group. Unfortunately, when the same experiments were performed with GarA-V15L/I16V/19insK, the GarO-mediated oxidation was incomplete (Fig. S5, ESIw) , suggesting that the additional C-terminal Lys interferes with efficient oxidation.
Actagardine is the only lantibiotic containing a sulfoxide group. To investigate the GarO enzymatic activity in vitro, garO was cloned into a pET28b vector. The protein was expressed in E. coli with an N-terminal His 6 -tag, and was purified by IMAC. His 6 -GarO behaved as a monomer in solution as determined by analytical gel filtration chromatography (Fig. S6, ESIw) . Sequence analysis suggests that GarO is a luciferase-like monooxygenase that possesses a typical binding domain for flavin mononucleotide (FMN). Previous studies on luciferase-like enzymes 20, 21 have shown that reduced FMN reacts with molecular oxygen, forming a flavin-hydroperoxide, (1) Nisin, (2) Ala(0)-DAB-Lys from GarA/GarM coexpression in E. coli, (3) negative control containing buffer and proteinases. The applied samples in (1) and (2) consisted of 20 mL of 100 mM stock solutions.
which is followed by transfer of an oxygen atom to the substrate. NAD(P)H then commonly reduces the oxidized flavin back to its reduced form. We incubated GarM-modified GarA and GarA-V15L/I16V/19insK with purified GarO, FMN, and NADH, followed by proteolytic removal of the leader peptide as described above. MALDI analysis showed the formation of a molecular ion consistent with a single oxidation in the core peptide (Fig. 4B) . Substitution of NADH with NADPH resulted in abolishment of the GarO activity. The dehydration and cyclization reactions involved in lantibiotic biosynthesis require the presence of the leader peptide, but other tailoring-type transformations such as hydroxylation 16 and oxidative decarboxylation 22 do not require the leader peptide to be attached. To determine whether oxidation by GarO required the leader peptide, the enzyme was incubated for 8 h with purified Ala(0)-DAB-Lys, FMN, and NADH. The major product was a peptide with m/z of +16 Da (Fig. 4C) . The addition of 16 Da occurs in the region of the three intertwined-rings of the product as shown by tandem mass spectrometry (Fig. S2, ESIw) , consistent with the reported structure of actagardine. Thus, the leader peptide is not required for GarO catalysis. A peak corresponding to the addition of three oxygen atoms was also observed in the product of in vitro GarO modification. This product is likely the result of uncoupling of the formation of the flavin peroxide and the oxygen transfer to the substrate, resulting in the formation of hydrogen peroxide or superoxide, which are known general side products of in vitro reactions with flavin-dependent monooxygenases. 23 Hydrogen peroxide formation in turn results in non-enzymatic oxidation of the thioether rings.
In summary, by coexpression of the GarA precursor peptide and its modification enzyme GarM in E. coli, dehydrated and cyclized Ala(0)-deoxyactagardine was produced after proteolytic treatment. Introduction of a lysine residue at the C-terminus of Ala(0)-deoxyactagardine B generated a derivative with increased solubility and comparable bioactivity. This methodology may present an alternative route to actagardine analogs. The activity of GarO monooxygenase in the actagardine biosynthesis cluster was demonstrated in E. coli and in vitro. The enzyme was active in the absence of the GarA leader peptide.
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